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The Hafele-Manne Model o f  R e a c t o r  S t r a t e g i e s :  
Some S e n s i t i v i t y  A n a l y s i s  
H i r o s h i  Konno and T.N. S r i n i v a s a n *  
Wolf H a f e l e  and A l a n  Manne [l] c o n s i d e r  a  l i n e a r  program- 
ming model i n  which t h e  sum o f  d i s c o u n t e d  c o s t s  o f  m e e t i n g  d e -  
mand f o r  e l e c t r i c a l  and  n o n - e l e c t r i c a l  e n e r g y  o v e r  a  h o r i z o n  
of  75 y e a r s  d i v i d e d  i n t o  25 p e r i o d s  o f  3 y e a r s  i s  minimized  
s u b j e c t  t o  c o n s t r a i n t s ,  i n t e r  a l i a ,  on  t h e  t o t a l  a v a i l a b i l i t y  
o f  f o s s i l  f u e l  and low c o s t  ( $ 1 5 / l b . )  n a t u r a l  u ran ium.  The 
a l t e r n a t i v e  t e c h n o l o g i e s  c o n s i d e r e d  were  t h e  f o l l o w i n g :  
( i)  c o n v e n t i o n a l  c o a l  b a s e d  p l a n t s ,  l i g h t  w a t e r  r e a c -  
t o r s  (LWR) and  two t y p e s  o f  f a s t  b r e e d e r  r e a c t o r s  
(FBR) f o r  p r o d u c i n g  e l e c t r i c i t y ;  and 
(ii) c o n v e n t i o n a l  p e t r o l e u m  and n a t u r a l  g a s  (PETG) and 
hydrogen  f o r  p r o d u c i n g  n o n - e l e c t r i c a l  e n e r g y ,  where  
hydrogen  i s  produced t h r o u g h  e l e c t r o l y s i s  (ELHY) 
and  c h e m i c a l  w a t e r  s p l i t t i n g  u s i n g  p r o c e s s  h e a t  
f rom a  h i g h  t e m p e r a t u r e  g a s  c o o l e d  r e a c t o r  (HTRB) 
t h a t  u s e s  e i t h e r  n a t u r a l  u ran ium o r  p l u t o n i u m  gen- 
e r a t e d  f rom FBR's a l o n g  w i t h  t h o r i u m  a s  f u e l s .  
I t  was p o s t u l a t e d  t h a t  FBR's and HTRB's w i l l  n o t  become 
a v a i l a b l e  u n t i l  1988 o r  l a t e r  and t h a t  c o n s t r u c t i o n  r a t e s  o f  
v a r i o u s  t y p e s  o f  r e a c t o r s  w e r e  s u b j e c t  t o  s p e c i f i e d  u p p e r  
bounds f o r  t h e  e a r l i e r  p a r t  o f  t h e  t i m e  h o r i z o n .  
The f i n a l  demands f o r  t h e  two forms o f  e n e r g y  a r e  d e t e r -  
mined d i f f e r e n t l y  f o r  t h r e e  "mod,ol" s o c i e t i e s  1, 2 ,  a n d  3 .  
Each model s o c i e t y  i s  assumed t o  h a v e  a  p o p u l a t i o n  o f  250 m i l -  
l i o n  a s  o f  1970 ,  t h e  i n i t i a l  y e a r  o f  t h e  p l a n n i n g  h o r i z o n .  
I n  model s o c i e t i e s  1 and  2 ,  t h e  e n e r g y  demands a r e  exoqenous  
t h r o u g h o u t  t h e  p l a n n i n g  h o r i z o n  w h i l e  i n  model s o c i e t y  3 t h e  
demands a r e  r e s p o n s i v e  t o  p r i c e .  Though, by t h e  end o f  t h e  
p l a n n i n g  h o r i z o n ,  t h e  f i n a l  e n e r g y  demands were  v i r t u a l l y  
t h e  same i n  model s o c i e t i e s  1 and 2 ,  demands grew r a p i d l y  i n  
t h e  f i r s t  45 y e a r s  and remained  t h e  same t h e r e a f t e r  i n  model 
s o c i e t y  1, w h i l e  i n  model s o c i e t y  2  t h e  demands grew s l o w l y  
b u t  s t e a d i l y  t h r o u g h o u t  t h e  h o r i z o n .  
* 
W e  w i s h  t o  t h a n k  P r o f e s s o r s  H a f e l e  and Manne, and 
D r .  M a r c h e t t i  f o r  many v a l u a b l e  s u g g e s t i o n s .  Thanks a r e  
a l s o  d u e  t o  M r .  S c h r a t t e n h o l z e r  f o r  h i s  a s s i s t a n c e  w i t h  t h e  
c a l c u l a t i o n .  
The ~ g f e l e - ~ a n n e  model f ocus ed  on " t i m i n g  t h e  i n t r o d u c t i o n  
of new t e c h n o l o g i e s - - t a k i n g  a  p e r s p e c t i v e  s u f f i c i e n t l y  l ong  s o  
a s  t o  a l l o w  f o r  t h e  e v e n t u a l  e x h a u s t i o n  of o i l  and g a s  r e s o u r c e s . "  
A l so  t h e  b e n e f i t s  of new t e c h n o l o g i e s  were c a l c u l a t e d  a s  v a r i -  
a n t s  of b a s e  c a s e s ,  it b e i n g  assumed t h a t  a  s p e c i f i e d  new t e c h -  
no logy  ( e . g .  thermo-chemical  w a t e r  s p l i t t i n g )  i s  n o t  a v a i l a b l e  
i n  a  v a r i a n t .  Thus t h e  a d d i t i o n a l  d i s c o u n t e d  c o s t s  i n  t h e  v a r i -  
a n t  o v e r  t h e  b a s e  c a s e  w i l l  r e p r e s e n t  t h e  b e n e f i t s  a c c r u i n g  from 
t h e  a v a i l a b i l i t y  o f  t h e  s p e c i f i e d  t e chno logy .  
The pu rpos e  of t h i s  e x e r c i s e  i s  t o  e x p l o r e  t h e  s e n s i t i v -  
i t y  of t h e  ~ a f e l e - ~ a n n e  r e s u l t s  w i t h  r e s p e c t  t o  changes  i n  some 
of t h e  more c r u c i a l  p a r a m e t e r s  and o t h e r  a s s umpt ions .  More spe -  
c i f i c a l l y ,  w e  r a n  t h e  model:  
(i) f o r  a l t e r n a t i v e  d i s c o u n t  r a t e s  of 0%,  5 % ,  and 15% p e r  
y e a r .  The Hafele-Manne model assumes 10% d i s c o u n t  
r a t e ;  
(ii) f o r  a l t e r n a t i v e  a s s umpt ions  r e g a r d i n g  c o s t s  and 
a v a i l a b i l i t i e s  of n a t u r a l  u ran ium;  
(iii) a l l o w i n g  f o r  t h e  p o s s i b i l i t y  of i n s t a l l e d  c a p a c i t y  
of a  t e chno logy  t o  remain  u n d e r u t i l i z e d  becaus e  o f  
o b s o l e s c e n c e ;  
( i v )  impos ing  c o n s t r a i n t s  on t h e  r a t e  a t  which "new" 
t e c h n o l o g i e s  ( n u c l e a r  power i n  t h e  c a s e  o f  electr ic-  
i t y ,  hydrogen i n  t h e  c a s e  of  n o n - e l e c t r i c a l  e n e r g y )  
c a n  p e n e t r a t e  i n t o  t h e  mar ke t ;  
(v )  a l l o w i n g  f o r  s e c u l a r  r e d u c t i o n  i n  t h e  c a p i t a l  c o s t s  
o f  new t echno logy  t o  r e f l e c t  t h e  p o s s i b i l i t i e s  o f  
c o s t  r e d u c t i o n  due t o  i n c r e a s i n g  s c a l e s  of produc-  
t i o n  and l e a r n i n g  by d o i n g ;  
( v i )  f o r  an a l t e r n a t i v e  v e r s i o n  of  model s o c i e t y  3 i n  
which an a d a p t i v e  form of demand r e s p o n s e  t o  ch anges  
i n  p r i c e  of e n e r g y  is p o s t u l a t e d ;  
( v i i )  f o r  a n  a l t e r n a t i v e  p r i c e  o f  pe t r o l eum and g a s  i n  t h e  
r a n g e  of $5 - $20 /ba r r e l .  The Manne-Hafele model a s -  
sumes S l O / b a r r e l ;  and 
( v i i i )  m in imiz ing  t h e  t o t a l  amount o f  p e t r o l e u m  and g a s  con- 
sumpt ion  under  a d d i t i o n a l  c o n s t r a i n t s  on t h e  t o t a l  
d i s c o u n t e d  c o s t s  o f  mee t i ng  t h e  s p e c i f i e d  e n e r g y  de-  
mand. 
The r e a d e r  i s  r e f e r r e d  t o  t h e  p a p e r  by H a f e l e  and Manne 
[l] f o r  d e t a i l s  r e g a r d i n g  t h e  a l g e b r a i c  f o r m u l a t i o n  and  numer- l c a l  s p e c i f i c a t i o n  of t h e  model.  W e  p r e s e n t  t h e  r e s u l t s  ( ba r -  
r i n g  a  few e x c e p t i o n s )  of o u r  r u n s  f o r  model s o c i e t y  2  w i t h  a  
p e t r o l e u m  and n a t u r a l  g a s  a v a i l a b i l i t y  of 3.375 Q .  
V a r i a t i o n  i n  D i s coun t  R a t e  
The d i s c o u n t  r a t e  is  a  measure of t h e  c o s t  of c a p i t a l ,  
i . e .  t h e  lower t h e  d i s c o u n t  r a t e  t h e  c h e a p e r  t h e  c o s t  of c ap -  
i t a l .  Thus l ower ing  t h e  d i s c o u n t  r a t e  w i l l  make it more 
a t t r a c t i v e  t o  i n t r o d u c e  t h e  more c a p i t a l  i n t e n s i v e  t e c h n o l c ' g i e s  
such  a s  FBR and e l e c t r o l y s i s  (ELHY) i n  g r e a t e r  amount and e a r -  
l i e r  i n  t i m e .  I n  F i g u r e s  1 t o  4 ,  t h e  e v o l u t i o n  of c a p a c i t y  
(= o u t p u t )  of LWR, FBR, HTRB, and ELHY o v e r  t i m e  a r e  p l o t t e d .  
I t  i s  s e e n  t h a t  t h e  t i m e  p a t t e r n  of b u i l d  up  of LWR and FBR 
c a p a c i t y  i s  s i m i l a r  and f a i r l y  i n s e n s i t i v e  q u a n t i t a t i v e l y  f o r  
d i s c o u n t  r a t e s  i n  t h e  r a n g e  5% t o  1 5 % .  T he r e  a r e  two peaks  
i n  LWR c a p a c i t y ,  t h e  f i r s t  peak i s  h i g h e r  and comes a t  t h e  
same t i m e ,  w h i l e  t h e  second  peak i s  lower  and o c c u r s  a t  t h e  
same t i m e  a s  o r  l a t e r  t h a n ,  t h e  d i s c o u n t  r a t e  i s  r educed  from 
15% t o  5%. ~t a  z e r o  d i s c o u n t  r a t e ,  t h e r e  is o n l y  one peak  
and it o c c u r s  a t  t h e  same t i m e  a s  f o r  5% b u t  r e a c h e s  f a r  h i g h e r .  
The f i r s t  peak i n  LWR o c c u r s  a t  t h e  l a s t  p e r i o d  f o r  which 
t h e r e  a r e  b i n d i n g  uppe r  bounds on FBR c o n s t r u c t i o n  r a t e s  (see 
T a b l e  5  i n  [l]). I n  o t h e r  words ,  had t h e r e  been  h i g h e r  uppe r  
bounds on FBR c o n s t r u c t i o n ,  it would have  been  more economica l  
t o  c o n s t r u c t  more FBR's and c o n s e q u e n t l y  less LWR's s o  t h a t  
t h e  peak would have  been l ower .  The second  peak i n  LWR o c c u r s  
due  t o  t h e  f a c t  t h a t  p lu ton ium s t o c k s  become a  b i n d i n g  con- 
s t r a i n t  on  t h e  i n s t a l l a t i o n  of FBR's and i n d i r e c t l y ,  HTRB's. 
A s  such  some LWR's a r e  i n s t a l l e d  t o  p roduce  p lu ton ium a s  w e l l  
a s  t o  s u p p l y  e l e c t r i c i t y  f o r  e l e c t r o l y t i c  p r o d u c t i o n  of hydro- 
g e n .  However, a t  a  z e r o  d i s c o u n t  r a t e ,  enough of  LWR's and 
FBR's a r e  i n s t a l l e d  e a r l i e r  t h a t  a  s h o r t a g e  of p lu ton ium d o e s  
n o t  a p p e a r  t o  w a r r a n t  t h e  i n s t a l l a t i o n  of LWR's l a t e r  g i v i n g  
r ise  t o  a  second  peak .  
Whi le  d e c r e a s i n g  c a p i t a l  c o s t s  a s s o c i a t e d  w i t h  d e c r e a s i n g  
d i s c o u n t  r a t e  s h o u l d  make FBR's more a t t r a c t i v e - - a n d  t h i s  
happens  t o  h o l d  a s  t h e  d i s c o u n t  r a t e  is  r educed  from 10% t o  
5% and t o  0%--i t  a p p e a r s  t h a t  more FBR's and LWR's g e t  i n -  
s t a l l e d  when t h e  d i s c o u n t  r a t e  Is r a i s e d  f rom 10% t o  15%.  A 
p o s s i b l e  e x p l a n a t i o n  o f  t h i s  c u r i o u s  sys tem r e s p o n s e ,  which 
i s  c o n t r a r y  t o  e x p e c t a t i o n s  b a s e d  on p a r t i a l  e q u i l i b r i u m  a n a l -  
y s i s ,  is  t o  be  found i n  t h e  s u p p l y  of  n o n - e l e c t r i c a l  en e rgy .  
F i r s t l y ,  i n c r e a s i n g  c a p i t a l  c o s t s  make p e t r o l e u m  a  more a t t r a c -  
t i v e  s o u r c e  o f  n o n - e l e c t r i c  e n e r g y .  A s  c a n  be s e e n  from 
F i g u r e  5 ,  t h i s  l e a d s  t o  more and e a r l i e r  pe t r o l eum consumpt ion  
a s  t h e  d i s c o u n t  r a t e  i n c r e a s e s .  I n  f a c t ,  a t  a  d i s c o u n t  r a t e  
l ower  t h a n  l o % ,  t h e  a v a i l a b l e  s t o c k s  of pe t r o l eum a r e  n o t  u sed  
up. When t h e  d i s c o u n t  r a t e  i s  1 5 % ,  e x h a u s t i o n  of p h y s i c a l  
s u p p l i e s  o c c u r s  e a r l i e r  a s  compared t o  t h e  1 0 " a a s e ,  and h w c e  
more hydrogen  h a s  t o  be  produced  i n  t h e  f i n a l  y e a r s .  When, on 
t h e  o t h e r  hand ,  t h e  d i s c o u n t  r a t e  f a l l s  below l o % ,  more 
hydrogen i s  produced i n  t h e  f i n a l  y e a r s  n o t  becaus e  s u p p l i e s  
g e t  e x h a u s t e d  b u t  becaus e  it becomes uneconomic t o  u s e  t h e  
e x i s t i n g  s u p p l i e s !  Thus a s  we move away from t h e  10% d i s c o u n t  
r a t e  i n  e i t h e r  d i r e c t i o n ,  more hydrogen g e t s  p roduced  i n  l a t e r  
y e a r s ,  and t h i s  means h i g h e r  demand f o r  e i t h e r  p r o c e s s  h e a t  o r  
e l e c t r i c i t y .  Whether p r o c e s s  h e a t  o f  HTRB o r  e l e c t r o l y s i s  is 
used  t o  p roduce  hydrogen depends  on b r e e d i n g  g a i n ,  c o s t  of 
e l e c t r i c i t y ,  and t h e  d i s c o u n t  r a t e .  A t  z e r o  d i s c o u n t  r a t e ,  
c a p i t a l  i s  f r e e  of c o s t  and e l e c t r o l y s i s  w i n s  t h r o u g h o u t  t h e  
h o r i z o n .  A s  t h e  d i s c o u n t  r a t e  is  i n c r e a s e d ,  i n t r o d u c t i o n  of 
e l e c t r o l y s i s  i s  pushed f u r t h e r  i n t o  t h e  f u t u r e ,  and t h e  demand 
f o r  hydrogen is  m e t  t h r o u g h  HTRB. However, i n  t h e  l a s t  2 5  
y e a r s  o f  t h e  h o r i z o n ,  ELHY c a p a c i t y  rises a s  t h e  d i s c o u n t  r a t e  
is  r a i s e d  above 5% o r  lowered t o  0%. Taken t o g e t h e r  w i t h  t h e  
b e h a v i o r  of LWR c a p a c i t y ,  it a p p e a r s  t h a t  a t  a  d i s c o u n t  r a t e  
above 5%,  t h e  e x i s t e n c e  of LWR c a p a c i t y  i n  i n c r e a s i n g  amounts 
makes e l e c t r i c i t y  a v a i l a b l e  f o r  ELHY, w h i l e  a t  a  z e r o  d i s c o u n t  
r a t e  FBR's a r e  u s ed  t o  p roduce  e l e c t r i c i t y  f o r  ELHY. The v a r i -  
a t i o n  i n  t h e  t i m e  p a t h  o f  HTRB c a p a c i t i e s  a s  t h e  d i s c o u n t  r a t e  
i s  v a r i e d  nee ds  no  f u r t h e r  e x p l a n a t i o n  a s  t h i s  i s  t h e  one s i d e  
o f  t h e  hydrogen c o i n  w i t h  t h e  o t h e r  b e i n g  e l e c t r o l y s i s .  
The s e n s i t i v i t y  w i t h  r e s p e c t  t o  d i s c o u n t  r a t e  changes  is 
a l s o  a f f e c t e d  by t h e  Hafele-Manne a s s umpt ion  t h a t  c a p a c i t y  
once  i n s t a l l e d  c a n n o t  be  r e t i r e d  u n t i l  i t s  s e r v i c e  l i f e  of 30 
y e a r s  i s  o v e r .  T h i s  a s s umpt ion  was r e l a x e d  and we p e r m i t t e d  
u n d e r u t i l i z a t i o n  of c a p a c i t y  i f  it i s  economica l .  The r e s u l t s  
a r e  p r e s e n t e d  i n  F i g u r e s  5 t o  9 .  F i r s t ,  compar ing  t h e  two 
a l t e r n a t i v e s  w i t h  and w i t h o u t  u n d e r u t i l i z a t i o n  p o s s i b i l i t i e s  
f o r  t h e  10% d i s c o u n t  r a t e  c a s e ,  it i s  s e e n  t h a t  when under -  
u t i l i z a t i o n  is p e r m i t t e d ,  c a p a c i t y  c r e a t i o n  w i t h  r e s p e c t  t o  
ELHY and HTRB i s  v i r t u a l l y  i d e n t i c a l  i n  t h e  two c a s e s ,  w h i l e  
more LWR and less FBR c a p a c i t y  i s  c r e a t e d  i n  t h e  l a s t  30  y e a r s  
when u n d e r u t i l i z a t i o n  is p e r m i t t e d .  ELHY c a p a c i t y  i s  under -  
u t i l i z e d  i n  t h e  f i n a l  y e a r s  o f  t h e  h o r i z o n .  What seems t o  be 
happening  i s  t h a t  when u n d e r u t i l i z a t i o n  i s  p e r m i t t e d ,  s l i g h t l y  
more ELHY c a p a c i t y  is c r e a t e d  and p a r t  o f  it i s  l e f t  i d l e  i n  
t h e  f i n a l  y e a r s  w i t h  p e t r o l e u m  us age  c o r r e s p o n d i n g l y  a d j u s t e d .  
Tu rn ing  t o  t h e  o t h e r  d i s c o u n t  r a t e ,  u n d e r u t i l i z a t i o n  o f  
ELHY c a p a c i t y  i n c r e a s e s  a t  15%  a s  w e l l  a s  5% d i s c o u n t  r a t e s  
compared t o  t h e  10% c a s e .  The e x p l a n a t i o n  of  t h e s e  v a r i a t i o n s  
is  s i m i l a r  t o  t h e  c a s e  when no  u n d e r u t i l i z a t i o n  was p e r m i t t e d .  
A t  z e r o  d i s c o u n t  r a t e ,  t h e r e  i s  n o  u n d e r u t i l i z a t i o n  of FBR and 
ELHY c a p a c i t i e s  w h i l e  a l l  t h e  e x i s t i n g  c a p a c i t i e s  o f  LWR's and 
HTRB's a r e  l e f t  i d l e  d u r i n g  t h e  l a s t  30  y e a r s  of t h e  h o r i z o n .  
The r e a s o n  beh ind  t h i s  i s  s i m p l e :  a t  z e r o  d i s c o u n t  r a t e ,  w e  
a r e  e s s e n t i a l l y  compar ing  t h e  o p e r a t i n g  c o s t ,  and t h e  most 
economica l  way t o  meet t h e  e n e r g y  demand i s  t o  u s e  wha t ev e r  
h a s  t h e  c h e a p e s t  o p e r a t i n g  c o s t  i f  it i s  h y s i c a l l y  p o s s i b l e  
t o  do  s o .  Obvious ly  (see T ab le  8-2  i n  [17) t h e  c h e a p e s t  way 
h e r e  i s  t o  u s e  FBR f o r  t h e  s u p p l y  of b o t h  e l e c t r i c  and non- 
e l e c t r i c  ( v i a  ELHY) e n e r g y ,  and a f t e r  a  c e r t a i n  number of 
y e a r s  when we c a n  i n s t a l l  enough FBRts ,  a l l  t h e  e l e c t r i c  and 
n o n - e l e c t r i c  e n e r g y  is  s u p p l i e d  by FBR's and e v e r y t h i n g  e l s e  
is  l e f t  i d l e .  
Though p e r m i t t i n g  u n d e r u t i l i z a t i o n  d o e s  n o t  b r i n g  abou t  
s i g n i f i c a n t  r e d u c t i o n  i n  t h e  d i s c o u n t e d  sum of c o s t s  e x c e p t  
i n  t h e  5 %  and 0% c a s e s ,  it e l i m i n a t e s  some of t h e  anoma l i e s  
r e p o r t e d  i n  [l]. A t y p i c a l  example i s  t h e  r e s u l t s  i n  T a b l e  9 ,  
where it is  r e p o r t e d  t h a t  t h e  r e l a t i v e  m e r i t  o b t a i n e d  f rom 
advanced  FBR i s  $ 1 ~ 1 0 9 ,  $ 1 3 x 1 0 ~ ,  $ 6 ~ 1 0 ~  when t h e  pe t ro l eum 
a v a i l a b i l i t i e s  a r e  2 .250  Q ,  3.375  Q ,  and 4.500 Q ,  r e s p e c t i v e -  
l y - - c o n t r a r y  t o  o u r  i n t u i t i o n  t h a t  t h e  b e n e f i t s  s h o u l d  i n -  
c r e a s e  a s  t h e  pe t ro l eum a v a i l a b i l i t y  d e c r e a s e s .  However, 
a s sumins  undc . ru t i1 iza t . i  o n .  f .hese I a t l r e s  become G -' $25.5x10Y,  $15.2x109,  and $ 5 . 9 ~ 1 0  , r e s p e c t i v e l y ,  and t h e  
anomaly d i s a p p e a r s  a s  expec t ed .  
V a r i a t i o n  w i t h  Respec t  t o  C u r r e n t  C o s t s  o f  O p e r a t i o n  HTRB 
It was s u g g e s t e d  t h a t  t h e  Hafele-Manne a s s u m p t i o n ,  t h a t  
c u r r e n t  c o s t s  o f  HTRB a r e  t w i c e  t h a t  of FBR, may need  r e v i s i o n  
i n  t h e  d i r e c t i o n  o f  lower  c o s t s .  W e  t r i e d  a  r u n  w i t h  t h e  
a s sumpt ion  t h a t  t h e s e  c o s t s  a r e  i d e n t i c a l :  it makes v i r t u a l l y  
no d i f f e r e n c e  t o  t h e  t i m e  p a t t e r n  of c a p a c i t y  c r e a t i o n ,  e x c e p t  
t h a t  a s  e x p e c t e d ,  w i t h  l ower  HTRB o p e r a t i n g  c o s t s  somewhat 
more of them a r e  i n s t a l l e d  e a r l i e r .  
S e n s i t i v i t y  w i t h  Respec t  t o  C o s t s  and A v a i l a b i l i t y  of N a t u r a l  
Uranium 
One of  t h e  main a rguments  f o r  t h e  e a r l y  i n t r o d u c t i o n  of 
FBR h a s  been t h a t  it d o e s  n o t  r e q u i r e  s c a r c e  n a t u r a l  u ran ium 
a s  f u e l .  S c a r c i t y  o f  low c o s t  n a t u r a l  u ran ium h a s  been  b u i l t  
i n t o  t h e  Hsfele-Manne model t h r o u g h  t h e i r  a s sump t ion  t h a t  o n l y  
2  m i l l i o n  t o n s  of  uranium a t  $15 / l b  a r e  a v a i l a b l e  w h i l e  un- 
l i m i t e d  amounts a r e  a v a i l a b l e  a t  a  h igh  c o s t  of $50 / l b .  We 
t r i e d  two a l t e r n a t i v e  as5,umptions:  ( i )  an  a d d i t i o n a l  6 m i l l i o n  
t o n s  of u ran ium a r e  a v a i l a b l e  a t  a  medium c o s t  o f  $ 3 0 / l b ,  
and (ii) a v a i l a b i l i t y  of low c o s t  u ran ium i s  i n c r e a s e d  t o  10 
m i l l i o n  t o n s ,  i n  o t h e r  words ,  e s s e n t i a l l y  u n l i m i t e d  amounts 
of  low c o s t  uranium a r e  a v a i l a b l e .  S i n c e  even t h e  second  
a s sumpt ion  d i d  n o t  make much o f  a n  impac t  on r e a c t o r  s t r a t e -  
g i e s ,  we p r e s e n t  t h e  r e s u l t s  of t h i s  r un  o n l y  i n  F i g .  10. A s  
e x p e c t e d ,  abundance o f  low c o s t  n a t u r a l  u ran ium r e s u l t s  i n  
fewer  FBR and more LWR i n s t a l l a t i o n s .  However, t h e  d i f f e r e n c e s  
a r e  s m a l l .  F u r t h e r ,  t h e  demand f o r  n a t u r a l  uranium seems t o  
b e  q u i t e  i n s e n s i t i v e  i n  t h e  p r i c e  r a n g e  of $15 / l b  t o  $50 / l b ,  
f a l l i n g  from 5 .21  m i l l i o n  t o n s  t o  4 . 9 1  m i l l i o n  t o n s .  
I t  seems l i k e l y  t h a t  t h e  i n s e n s i t i v i t y  w i t h  r e s p e c t  t o  
t h e  p r i c e  of n a t u r a l  u ran ium a r i s e s  f rom t h e  f a c t  t h a t  a t  a  
u ran ium c o s t  o f  $15/ lb  and a  1.0% d i s c o u n t  r a t e ,  t h e  ( s t a t i c )  
c o s t  p e r  KW y e a r  t h e r m a l  i s  $32 f o r  LWR w h i l e  it i s  $ 3 1  f o r  
FBR. Thus a t  $ 1 5 / l b ,  LWR i s  j u s t  b a r e l y  c o m p e t i t i v e  w i t h  FBR. 
A r u n  w i t h  a  u ran ium c o s t  o f  $ 1 0 / l b  d i d  n o t  a l t e r  t h e  p i c t u r e  
e i t h e r .  Thus t h e  u ran ium p r i c e  h a s  t o  be  s e t  below $ 1 0 / l b  
f o r  o b s e r v i n g  s e n s i t i v i t y .  
M a r k e t  P e n e t r a t i o n  C o n s t r a i n t s  
It h a s  been  o b s e r v e d ,  p a r t i c u l a r l y  i n  t h e  c h e m i c a l  i n d u s -  
t r y ,  t h a t  t h e r e  i s  a  r e g u l a r i t y  i n  t h e  e v o l u t i o n  o v e r  t i m e  o f  
t h e  m a r k e t  s h a r e  o f  t h e  p r o d u c t  ( e . 9 .  r u b b e r )  t h a t  i s  c a p t u r e d  
by  a newly i n t r o d u c e d  s u b s t i t u t e  ( e . g .  s y n t h e t i c  r u b b e r ) .  
T h i s  t i m e  p a t h  t u r n e d  o u t  t o  b e  t h e  l o g i s t i c  c u r v e  f o r  a  l a r g e  
number o f  p r o d u c t s  (see [ 2 ] ) .  While  economic t h e o r y  would 
s u g g e s t  t h a t  t h i s  phenomenon i m p l i e s  some r e g u l a r i t y  i n  t h e  
e v o l u t i o n  o f  t h e  r e l a t i v e  p r i c e  o f  t h e  s u b s t i t u t e  and t h e r e  
i s  no r e a s o n  t o  b e l i e v e  t h a t  s u c h  a n  e v o l u t i o n  o f  r e l a t i v e  
p r i c e s  i s  a n  i n v i o l a b l e  n a t u r a l  l a w ,  it i s  n e v e r t h e l e s s  un- 
r e a l i s t i c  t o  assume t h a t  a n y  r a t e  o f  p e n e t r a t i o n  i n t o  a  m a r k e t  
i s  f e a s i b l e .  I n  t h e  c o n t e x t  o f  t h e  Hafele-Manne mode l ,  t h e  
q u e s t i o n  o f  m a r k e t  p e n e t r a t i o n  c a n  be  r a i s e d  w i t h  r e s p e c t  t o  
two  new s o u r c e s  of e n e r g y :  n u c l e a r  power f o r  m e e t i n g  electr ic-  
i t y  demand and hydrogen  f o r  m e e t i n g  n o n - e l e c t r i c a l  e n e r g y  d e -  
mand. I n d e e d ,  i n  t h e i r  mode l ,  t h e  ra te  o f  p e n e t r a t i o n  r e q u i r e d  
i s  v e r y  r a p i d :  model s o c i e t y  2  w i t h  3 . 3 7 5  Q ' s  o f  o i l  and g a s  
g o e s  a l m o s t  100% n u c l e a r  by  2000. I n  t h e  USA i n  1 9 7 1 ,  o n l y  
2% o f  e l e c t r i c i t y  p r o d u c t i o n  came f rom n u c l e a r  p l a n t s .  Hydro- 
g e n  c a p t u r e s  n e a r l y  70% o f  n o n - e l e c t r i c  e n e r g y  demand i n  50 
y e a r s  ( S e e  F i g s .  11, 1 2 ) .  
I n  o r d e r  t o  examine t h e  i m p l i c a t i o n s  o f  l i m i t s  on m a r k e t  
p e n e t r a t i o n ,  we i n t r o d u c e d  c o n s t r a i n t s  s t a t i n g  t h a t  n u c l e a r  
power ( h y d r o g e n )  s h o u l d  n o t  c o n s t i t u t e  more t h a n  a  s p e c i f i e d  
p r o p o r t ' i o n  o f  e l e c t r i c  ( n o n - e l e c t r i c )  e n e r g y  demand i n  any  
p e r i o d .  The s p e c i f i e d  p r o p o r t i o n  was assumed t o  f o l l o w  ,3 l o g -  
i s t i c  c u r v e ,  w i t h  1% ( 0 . 1 % )  o f  e l e c t r i c  ( n o n - e l e c t r i c )  e n e r g y  
demand b e i n g  m e t  w i t h  n u c l e a r  ( h y d r o g e n )  e n e r g y  i n  1970  and 
r i s i n g  t o  50% ( 5 0 % )  i n  25 ( 5 0 )  y e a r s .  Compared t o  t h e  a c t u a l  
p e n e t r a t i o n  o f  c o a l  and p e t r o l e u m  i n t o  t h e  e n e r g y  m a r k e t  i n  
t h e  p a s t ,  t h e  s p e c i f i e d  r a t e s  o f  p e n e t r a t i o n  a r e  i n d e e d  o p t i -  
m i s t i c .  
I t  t u r n s  o u t ,  n e v e r t h e l e s s ,  t h a t  i f  o n l y  3 .375  Q ' s  o f  
p e t r o l e u m  and g a s  a r e  a v a i l a b l e ,  it i s  n o t  p o s s i b l e  t o  meet 
t h e  m a r k e t  p e n e t r a t i o n  c o n s t r a i n t s  i f  w e  want t o  s a t i s f y  t h e  
demand. The r e a s o n  i s  t h a t ,  w h i l e  t h e r e  i s  enough  c o a l  t o  
p r o d u c e  n o n - n u c l e a r  e l e c t r i c i t y  t o  t h e  r e q u i r e d  e x t e n t  o r  more,  
t h e r e  i s  n o t  enough p e t r o l e u m  and g a s  t o  m e e t  t h e  c o n s t r a i n t  
o n  h y d r o g e n .  
To p r o c e e d  f u r t h e r ,  w e  had t o  r e l a x  t h e  p e t r o l e u m  con-  
s t r a i n t .  T h i s  w e  d i d  by  d r o p p i n g  it a l t o g e t h e r .  I t  t u r n s  o u t  
t h a t  it r e q u i r e s  4 .44 Q ' s  of pe t r o l eum ( a s  c o n t r a s t e d  w i t h  
3.375 Q i n  t h e  b a s e  c a s e  2 .60)  t o  meet t h e  hydrogen c o n s t r a i n t .  
I t  s o  happens t h a t  b a s e  c a s e  2 .80  ( w i t h  a n  uppe r  bound of 4.50 Q 
o f  pe t ro l eum and a n  a c t u a l  consumption of 4.12 Q )  can  be com- 
pa r ed  t o  t h e  c a s e  w i t h  marke t  p e n e t r a t i o n  c o n s t r a i n t s .  W e  p r e -  
s e n t  t h e  r e s u l t s  f o r  t h i s  r u n  i n  F i g s .  11 t o  14.  
I t  a p p e a r s  t h a t  t h e  ma r ke t  p e n e t r a t i o n  c o n s t r a i n t s  a r e  
b i n d i n g  o n l y  i n  t h e  e a r l y  y e a r s ,  t h e  f i r s t  25 y e a r s  i n  t h e  c a s e  
of e l e c t r i c  ene r gy  and t h e  y e a r s  1994 t o  2015 i n  t h e  c a s e  of 
n o n - e l e c t r i c  e n e r g y .  A s  i s  t o  be  e x p e c t e d ,  s u b s t a n t i a l l y  more 
c o a l  c a p a c i t y  and less LWR and FBR a r e  i n s t a l l e d  and used  f o r  
t h e  p r o d u c t i o n  of e l e c t r i c i t y  a s  compared t o  t h e  b a s e  c a s e .  
A l s o  more pe t r o l eum is  used  i n  t h e  y e a r s  when t h e  hydrogen con- 
s t r a i n t  i s  b i n d i n g .  The c o s t  of mee t i ng  t h e  mar ke t  p e n e t r a t i o n  
c o n s t r a i n t  i s  $29 b i l l i o n  i n  t e r m s  o f  p r e s e n t  v a l u e .  I n  o t h e r  
words ,  t h e  minimized p r e s e n t  v a l u e  of c o s t s  goes  up from $470 
b i l l i o n  i n  t h e  b a s e  c a s e  2.80 t o  $499 b i l l i o n  i n  t h e  c a s e  w i t h  
t h e  p e n e t r a t i o n  c o n s t r a i n t .  T h i s  i t s e l f  i s  a  s i z a b l e  sum, n o t  
t o  ment ion  t h e  f a c t  t h a t  4.44 Q ' s  o f  pe t r o l eum a r e  r e q u i r e d  a s  
w e l l .  The s i t u a t i o n  i s  even  worse  i f  w e  c o n s i d e r  model s o c i e t y  
1 i n  which b o t h  forms  of  ene r gy  demand grow f a s t  i n  e a r l i e r  
y e a r s  and n o t  a t  a l l  i n  l a t e r  y e a r s .  A s  i s  t o  be  e x p e c t e d ,  
t h e  c o s t  of marke t  p e n e t r a t i - o n  c o n s t r a i n t s  (which ,  we n o t e d ,  
a r e  b i n d i n g  i n  e a r l i e r  y e a r s )  i s  $50 b i l l i o n ,  and 4.94 Q's  of 
p e t r o l e u m  a r e  r e q u i r e d  a s  w e l l .  These f i g u r e s  w i l l  go up sub-  
s t a n t i a l l y  i f  s l ower  r a t e s  of p e n e t r a t i o n  a r e  s p e c i f i e d .  I n -  
d e e d ,  t h e s e  f i g u r e s  can  be  c o n s i d e r e d  a s  il l w n i n a t i n g  measures  
of t h e  c r i t i c a l i t y  of t h e  e n e r g y  s i t u a t i o n .  
S e n s i t i v i t y  With Respec t  t o  Changing C a p i t a l  C o s t s  
I n  o r d e r  t o  examine t h e  i m p l i c a t i o n s  of  a n t i c i p a t e d  re- 
d u c t i o n  i n  c a p i t a l  c o s t s  o v e r  t i m e  due t o  s c a l e  economies and 
l e a r n i n g  by d o i n g  i n  t h e  n u c l e a r  i n d u s t r y ,  we p o s t u l a t e d  t h a t  
c a p i t a l  c o s t s  o f  commerc ia l ly  a v a i l a b l e  t e c h n o l o g y  s uch  a s  LWR, 
s e p a r a t i v e  work f o r  u ran ium,  and h i g h  t e m p e r a t u r e  r e a c t o r s  w i l l  
g o  down t o  25% of  t h e i r  1970 v a l u e s  i n  75 y e a r s ,  w h i l e  t h o s e  
of FBR w i l l  g o  down t o  50% of t h e  assumed i n i t i a l  v a l u e .  Given 
t h e  i n i t i a l  c a p i t a l  c o s t  d i s a d v a n t a g e  of  FBR, t h e  r e l a t i v e  c o s t  
of LWR t o  FBR goes  down t o  0.38 from i t s  i n i t i a l  v a l u e  of a b o u t  
0 . 75  i n  7 5  y e a r s .  
The r e s u l t s  a r e  p r e s e n t e d  i n  F i g s .  15 t o  17 .  The l ow er ing  
of  c a p i t a l  c o s t s  o f  e l e c t r i c i t y  and n u c l e a r  p r o c e s s  h e a t  t e c h -  
no logy  makes t h e  c o s t  o f  e l e c t r i c i t y  (and p r o c e s s  h e a t )  g o  down 
ove r  t i m e .  A l s o ,  t h e  r e l a t i v e  cheapen ing  of LWR s hou ld  make it 
more a t t r a c t i v e  r e l a t i v e  t o  FBR. On t h e  one  hand t h e  f a l l i n g  
t r e n d  i n  e l e c t r i c i t y  and p r o c e s s  h e a t  c o s t s  r e s u l t s  i n  more hy- 
d rogen  p r o d u c t i o n  ( t h r o u g h  more ELHY and HTRB) a s  compared t o  
t h e  b a s e  c a s e  f o r  mee t ing  n o n - e l e c t r i c  e n e r g y  demand. Thus 
o n l y  2.60 Q ' s  o f  pe t r o l eum a r e  u s ed  from t h e  a v a i l a b l e  s t o c k  
of 3 .375 Q's .  On t h e  o t h e r  hand t h e  i n c r e a s e  i n  demand f o r  
e l e c t r i c i t y  o r  p r o c e s s  h e a t  a l s o  i n c r e a s e s  t h e  demand f o r  LWR 
and  FBR a s  compared t o  t h e  b a s e  c a s e ,  
-
P r i c e  R e s p o n s i v e  Demands: An A l t e r n a t i v e  V e r s i o n  
I n  o r d e r  t o  examine t h e  i m p l i c a t i o n s  o f  making demands 
f o r  e n e r g y  r e s p o n s i v e  t o  p r i c e ,  ~ s f e l e  and  Manne maximized t h e  
f o l l o w i n g :  
t .  
where  qi 1s consumpt ion  o f  e n e r g y  j  a t  t i m e  t ( j  = 1, 2 r e p r e -  
J 
s e n t s  e l e c t r i c  and  n o n - e l e c t r i c  e n e r g y ,  r e s p e c t i v e l y )  and  p  t j  
i s  c o s t  p e r  u n i t  of e n e r g y  j .  I t  c a n  b e  shown e a s i l y  t h a t  t h i s  
i m p l i e s  t h e  f o l l o w i n g  demand c u r v e s  w i t h  c o n s t a n t  e l a s t i c i t y  
S i n c e  t h e  demand a t  any t d e p e n d s  o n l y  on t h e  p r i c e s  o f  t h a t  
p e r i o d ,  any s h a r p  c h a n g e s  i n  p r i c e s  w i l l  r e s u l t  i n  s h a r p  c h a n g e s  
i n  demand. T h i s  i s  a  somewhat u n r e a l i s t i c  f e a t u r e  s i n c e  i t  i s  
n o t  e a s y  t o  a d a p t  i n s t a n t a n e o u s l y  t o  f l u c t u a t i o n  i n  p r i c e  o f  a  
commodity s u c h  a s  e n e r g y  which i s  an i n p u t  i n t o  t h e  p r o d u c t i o n  
of  o t h e r  commodi t i es .  I n d e e d ,  i n  o r d e r  t o  a v o i d  t h i s  u n p l e a s -  
a n t  f e a t u r e  (and p r o b a b l y  t o  a v o i d  c o m p u t a t i o n a l  d i f f i c u l t i e s ) ,  
H a f e l e  and  Manne impose an  a d d i t i o n a l  c o n s t r a i n t  t h a t  demand 
grows a t  l e a s t  1% p e r  annum. 
W e  h a v e  a t t e m p t e d  t o  b r i n g  i n  a d a p t i v e  r e s p o n s e  t o  p r i c e s  
d i r e c t l y  by maximizing t h e  f o l l o w i n g  : 
where  A i  i s  a n  a d j u s t m e n t  p a r a m e t e r  which  l i e s  between 0 and 1. 
J 
A v a l u e  o f  A = l  c o r r e s p o n d s  t o  t h e  ~ g f e l e - M a n n e  c a s e  o f  i n s t a n t a -  
neous  a d j u s t m e n t  t o  p r i c e  c h a n g e s  w h i l e  v a l u e s  of A < 1  l e a d  t o  
l a g g e d  a d j u s t m e n t s .  
I t  c a n  b e  shown t h a t  t h e  a b o v e  maximand l e a d s  t o  t h e  f o l -  
l o w i n g  demand f u n c t i o n s !  
~ h u s  a l l  p a s t  and  f u t u r e  p r i c e s  a f f e c t  t h e  demand. 
The p a r a m e t e r s  a t  w e r e  c h o s e n  i n  s u c h  a  way t h a t ,  had X 
J 
been  e q u a l  t o  u n i t y  and  had p r i c e s  p: r e m a i n e d  a t  t h e i r  assumed 
J 
1 9 7 0  v a l u e s  (of  c o u r s e ,  t h e  d i s c o u n t  f a c t o r  is  a l s o  t a k e n  i n t o  
a c c o u n t ) ,  demand f o r  b o t h  t y p e s  of e n e r g y  would have  grown a t  
3% p e r  annum. 
t Wi th  X=0.9 and p i t s  d e t e r m i n e d  by m a r g i n a l  c o s t s  o f  p r o -  
J 
d u c t i o n ,  t h e  f o l l o w i n g  r e s u l t s  were  o b t a i n e d .  M a r g i n a l  c o s t  
o f  e l e c t r i c i t y  ( p e r  KW y e a r  t h e r m a l )  v a r i e d  f rom a b o u t  $20 t o  
t h e  b a s e  y e a r  p r i c e  of $30. And, a s  s u c h ,  t h e  demand p a t h  f o r  
e l e c t r i c i t y  g e n e r a t e d  by t h e  model  r e m a i n e d  c l o s e  t o  t h e  re- 
f e r e n c e  p a t h ;  t h a t  i s ,  demand grew a t  a n  a n n u a l  r a t e  o f  3 % .  
The m a r g i n a l  c o s t  o f  n o n - e l e c t r i c  e n e r g y  v a r i e d  be tween  $50 
and  $81  p e r  KW y e a r  t h e r m a l  a s  compared t o  a  b a s e  y e a r  p r i c e  o f  
$15 .  A s  s u c h  demand grows  i n i t i a l l y  v e r y  s l o w l y ,  a t  a b o u t  0 . 5 %  
p e r  annum, a n d  e v e n t u a l l y  a r o u n d  2 .5% p e r  annum. Thus  t h e  r a t i o  
o f  demand a l o n g  t h e  model p a t h  t o  t h a t  a l o n g  t h e  r e f e r e n c e  p a t h  
f a l l s  a t  f i r s t  f rom u n i t y  t o  a b o u t  0 . 6 0  a n d  t h e n  rises t o  a b o u t  
0 .68 .  T h i s  i s  c o n s i s t e n t  w i t h  e x p e c t a t i o n  s i n c e  w i t h  a  p r i c e  
e l a s t i c i t y  o f  -0 .3 ,  and  a  p r i c e  i n c r e a s i n g  t o  a  r a n g e  $50  - $ 8 1  
f rom $15,  o n e  s h o u l d  e x p e c t  t h e  r a t i o  o f  demands t o  l i e  be tween  
0 . 6 0  a n d  0 . 6 7 .  
S e n s i t i v i t y  With  R e s p e c t  t o  Changes  i n  P e t r o l e u m  P r i c e s  
I n  t h e  Hsfele-Manne mode l ,  t h e  p r i c e  o f  p e t r o l e u m  a n d  g a s  
(PETG) was f i x e d  a t  $ l O / b a r r e l  f o r  a l l  model s o c i e t i e s  t h o u g h  
t h e y  v a r i e d  t h e  a v a i l a b l e  q u a n t i t y  o f  PETG c o n s i d e r a b l y  f rom 
2 . 2 5  Q t s  t o  4 . 5  Q ' s .  I n  t h e  c u r r e n t  w o r l d  p e t r o l e u m  s i t u a t i o n ,  
it l o o k s  v e r y  i n t e r e s t i n g  t o  examine  t h e  e f f e c t  o f  c h a n g e s  i n  
t h e  p e t r o l e u m  p r i c e s ,  e s p e c i a l l y  f o r  model  s o c i e t y  3  where  t h e  
demand f o r  e n e r g y  i s  r e s p o n s i v e  t o  p r i c e .  T h i s  v a r i a t i o n  c a n  
b e  e x p e c t e d  t o  l e a d  t o  s i m i l a r  r e s u l t s  a s  t h e  v a r i a t i o n  i n  d i s -  
c o u n t  r a t e ,  s i n c e  l o w e r i n g  t h e  p e t r o l e u m  p r i c e  h a s  q u a l i t a t i v e l y  
t h e  same e f f e c t  a s  i n c r e a s i n g  c a p i t a l  c o s t s  a s s o c i a t e d  w i t h  a  
d e c r e a s e  i n  t h e  d i s c o u n t  r a t e .  W e  p a r a m e t r i z e d  t h e  p r i c e  i n  
t h e  r a n g e  o f  $5  t o  $ 2 0  p e r  b a r r e l .  The  r e s u l t s  f o r  model  
s o c i e t y  3 . 6 0  a r e  p r e s e n t e d  i n  F i g s ,  1 8  t o  2 2 ,  
I t  was  o b s e r v e d  t h a t  t h e r e  i s  q u a l i t a t i v e l y  n o t  much e f -  
f e c t  o f  t h e  p r i c e  c h a n g e  i n  t h e  r a n g e  o f  $5  t o  $ 1 2 ;  n a m e l y ,  
when PETG i s  c h e a p e r ,  somewhat  more  p e t r o l e u m  i s  consumed i n  
t h e  e a r l y  p e r i o d .  T h i s  l e a d s  t o  e a r l i e r  e x h a u s t i o n  o f  a v a i l -  
a b l e  s t o c k  o f  PETG, a n d  h e n c e  s l i g h t l y  more  HTRB a n d  ELHY a r e  
i n s t a l l e d  i n  t h e  l a t e r  p e r i o d .  When, h o w e v e r ,  t h e  p r i c e  i s  
r a i s e d  a b o v e  $ 1 5 / b a r r e l ,  t h e  s y s t e m  shows q u i t e  a  d i f f e r e n t  
r e s p o n s e .  F i r s t  o f  a l l ,  t h o u g h  t h e  a n n u a l  c o n s u m p t i o n  r a t e  o f  
PETG m a i n t a i n s  t h e  i n i t i a l  l e v e l  d u r i n g  t h e  f i r s t  1 2  y e a r s  
( w h e r e  t h e r e  i s  e s s e n t i a l l y  n o  o t h e r  way t o  m e e t  t h e  non- 
e l e c t r i c a l  e n e r g y  demand)  it d e c r e a s e s  r a p i d l y  a f t e r  1 5  y e a r s ,  
a n d  o n l y  1 . 5 9  Q ' s  a n d  2 . 6 9  Q ' s  a r e  consumed f o r  t h e  $ 2 0 / b a r r e l  
a n d  $ 1 5 / b a r r e l  c a s e s ,  r e s p e c t i v e l y .  Had we a l l o w e d  f o r  u n d e r -  
u t i l i z a t i o n  o f  e x i s t i n g  c a p a c i t y ,  t h e  d e c r e a s e  o f  p e t r o l e u m  
c o n s u m p t i o n  a f t e r  1 9 8 5  would  h a v e  b e e n  much f a s t e r ,  e s p e c i a l l y  
f o r  t h e  $ 2 0 / b a r r e l  c a s e .  S e c o n d l y ,  d u e  t o  t h e  e a r l i e r  d e c r e a s e  
i n  PETG c o n s u m p t i o n ,  ELHY v i a  FBR and  h e n c e  LWR comes i n  much 
e a r l i e r  a n d  i n  g r e a t e r  q u a n t i t y  t o  s u b s t i t u t e  f o r  PETG u n t i l  
c h e a p e r  HTRB c a n  b e  c o n s t r u c t e d  t o  m e e t  t h e  n o n - e l e c t r i c  demand. 
One i n t e r e s t i n g  phenomenon i s  t h a t  p e t r o l e u m  c o n s u m p t i o n  
jumps f r o m  z e r o  t o  a  v e r y  h i g h  l e v e l  t o w a r d  t h e  e n d  o f  t h e  h o r -  
i z o n  when $ 1 5 / b a l - r e 1  f o r  PETG i s  assumed .  The e x p l a n a t i o n  f o r  
t h i s  i s  a s  f o l l o w s :  To m e e t  t h e  demand i n c r e a s e  i n  n o n - e l e c t r i c  
e n e r g y ,  we h a v e  t o  u s e  e i t h e r  PETG o r  h y d r o g e n  v i a  HTRB a n d  
ELHY. S t a t i c  c o m p a r i s o n  shows (see T a b l e  2  i n  [l]) t h a t  h y d r o -  
g e n  by HTRB ($47/KW y e a r  t h e r m a l )  i s  c h e a p e r  t h a n  PETG ($75/KW 
y e a r  t h e r m a l  at. $ 1 5 / b a r r e l ) ,  b u t  t h e r e  i s  n o t  e n o u g h  p l u t o n i u m  
t o  c o n s t r u c t  e n o u q h  HTRB c a p a c i t i e s .  On t h e  o t h e r  hand  ELHY 
is  more  e x p e n s i v e  ($84/KW y e a r  t h e r m a l )  t h a n  u s i n g  $ 1 5 / b a r r e l  
PETG s t i l l  a v a i l a b l e .  When, h o w e v e r ,  t h e  PETG p r i c e  i s  $20 /  
b a r r e l  ($lOO/KW y e a r  t h e r m a l  by  s t a t i c  c o m p a r i s o n )  i t  i s  more  
e x p e n s i v e  t h a n  ELHY a n d  h e n c e  i s  n o t  u s e d  a t  a l l .  The  b r e a k -  
e v e n  p o i n t  seems t o  l i e  n e a r  $ 1 7 / b a r r e l .  Though t h e  c o n f i g u r -  
a t i o n  o f  s u p p l y  p a t t e r n  o f  e n e r g y  c h a n g e s  w i d e l y  a s  we v a r y  
t h e  PETG p r i c e ,  t h e  t o t a l  sum o f  e n e r g y  consumed i s  less s e n -  
s i t i v e .  
M i n i m i z a t i o n  o f  PETG C o n s u m p t i o n  Wi th  C o n s t r a i n t s  o n  t h e  Sum 
o f  D i s c o u n t e d  C o s t s  
F i n a l l y  we t r i e d  t o  m i n i m i z e  t h e  c o n s u m p t i o n  o f  PETC w i t h  
t h e  c o n s t r a i n t  o n  t h e  sum o f  d i s c o u n t e d  c o s t s .  
I n  o t h e r  w o r d s ,  w e  i n t e r c h a n g e d  t h e  r o l e  o f  t h e  e q u a t i o n s  
r e p r e s e n t i n g  t h e  sum o f  d i s c o u n t e d  c o s t s  a n d  c u m u l a t i v e  sum o f  
PETG c o n s u m p t i o n .  W e  r a n  two  c a s e s  o f  t h i s  v e r s i o n  w i t h  t h e  
sum of d i s c o u n t e d  c o s t s  less t h a n  0 . 9 5  and  1 , 0 5  t i m e s  t h e  t o t a l  
sum of  d i s c o u n t e d  c o s t s  f o r  t h e  b a s e  c a s e  1 , 6 0  (which i s  $850 
b i l l i o n  i n  terms o f  t h e  p r e s e n t  [1970] v a l u e ) .  
I t  t u r n e d  o u t  t h a t  0 . 9 5  c a s e  was i n f e a s i b l e ;  i . e .  it i s  
p h y s i c a l l y  i m p o s s i b l e  t o  meet t h e  t o t a l  demand w i t h  95% of  t h e  
c o s t  g i v e n  by t h e  b a s e  c a s e  e v e n  i f  we had an i n f i n i t e  amount 
of PETG a t  $ l O / b a r r e l .  T h i s  i s  b e c a u s e  t h e  PETG consumpt ion  
c o n s t r a i n t  i n  t h e  b a s e  c a s e  was o n l y  b i n d i n g  i n  t h e  v e r y  l a t e  
y e a r s  of  t h e  h o r i z o n ,  and t h e  minimum c o s t  t h u s  o b t a i n e d  was 
a l m o s t  t h e  same a s  t h e  minimum c o s t  w i t h o u t  t h e  PETG c o n s t r a i n t .  
On t h e  o t h e r  hand t h e  1 . 0 5  c a s e  is  o b v i o u s l y  f e a s i b l e ,  and w e  
found  t h a t  we c a n  s a v e  0 .7  Q L s  of  PETG by a l l o w i n g  a  5% i n c r e a s e  
i n  t h e  sum o f  d i s c o u n t e d  c o s t  which i s  $42 .5  b i l l i o n  i n  t h e  p r e -  
s e n t  v a l u e .  
F i n a l  Remarks 
While  t h e  above  c l a s s  of  s e n s i t i v i t y  a n a l y s i s  i s  i n t e r e s t -  
i n g  and u s e f u l ,  more work is  needed i n  s e v e r a l  d i r e c t i o n s .  
F i r s t ,  w h i l e  t h e  model f o c u s e d  on  t h e  t i m e  p a t t e r n  of  c a p a c i t y  
c r e a t i o n ,  it v i r t u a l l y  i g n o r e s  t h e  f a c t  t h a t  r a p i d  b u i l d  u p  
and  e q u a l l y  r a p i d  d i s m a n t l i n g  of  c a p a c i t y  i n  t h e  r e a c t o r  b u i l d -  
i n g  i n d u s t r y  i s  n o t  p o s s i b l e  a t  c o n s t a n t  c o s t s .  E i t h e r  con-  
s t r u c t i o n  c o s t s ,  which  a r e  r e l a t e d  t o  t h e  r a t e  o f  c h a n g e  of  
o u t p u t  of  t h e  r e a c t o r  i n d u s t r y ,  o r  some c o n s t r a i n t s  on  t h i s  
r a t e  o f  change  i n  b o t h  d i r e c t i o n s  may have  t o  b e  i n t r o d u c e d .  
I n d e e d ,  a  r a p i d  b u i l d  u p  o f  c a p a c i t y  i n i t i a l l y  t h a t  may h a v e  
t o  b e  l e f t  i d l e  l a t e r  i s  i t s e l f  an  i n d i c a t o r  o f  t h e  c r i t i c a l i t y  
o f  t h e  e n e r g y  s i t u a t i o n .  Work on b u i l d i n g  up s u c h  an  i n d e x  
i s  u n d e r  way. 
T h e r e  a r e  o t h e r  c r i t i c a l  p a r a m e t r i c  v a r i a t i o n s  which may 
h a v e  s u b s t a n t i a l  i m p a c t .  T h i s  i s  t h e  b r e e d i n g  g a i n  o f  a n  FBR. 
S i n c e  i t  i s  p o s s i b l e  t o  d e s i g n  FBR's f o r  d i f f e r e n t  r a t e s  of 
b r e e d i n g  g a i n  w i t h i n  a  c e r t a i n  r a n g e ,  it i s  i m p o r t a n t  t o  know 
t h e  s e n s i t i v i t y  o f  t h e  r e a c t o r  s t r a t e g y  w i t h  r e s p e c t  t o  t h i s  
p a r a m e t e r .  T h i s  w i l l  a l s o  b e  e x p l o r e d  i n  s u b s e q u e n t  work. 
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